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Ti:Sapphire crystalHighly-compact devices capable of beam splitting are intriguing for a broad range of photonic applica-
tions. In this work, we report on the fabrication of optical waveguide splitters with rectangular cladding
geometry in a Ti:Sapphire crystal by femtosecond laser inscription. Y-splitters are fabricated with 30 lm
 15 lm and 50 lm  25 lm input ends, corresponding to two 15 lm  15 lm and 25 lm  25 lm
output ends, respectively. The full branching angle h between the two output arms are changing from
0.5 to 2. The performances of the splitters are characterized at 632.8 nm and 1064 nm, showing very
good properties including symmetrical output ends, single-mode guidance, equalized splitting ratios,
all-angle-polarization light transmission and intact luminescence features in the waveguide cores. The
realization of these waveguide splitters with good performances demonstrates the potential of such
promising devices in complex monolithic photonic circuits and active optical devices such as miniature
tunable lasers.
 2018 Elsevier Ltd. All rights reserved.1. Introduction
Optical waveguides are devices that confine the light propagat-
ing effectively within a micro- or submicrometric volume by total
internal reflection [1]. Benefiting from their compactness, waveg-
uide structures play critical roles as the basic elements in photonic
networks, offering unique platforms for the realization of multiple
functions in on-chip circuits. The past decade saw the rapid devel-
opment of optical waveguides. On the one hand, two- or three-
dimensional passive waveguiding components (e.g. optical
switches, couplers and splitters) with compact architectures,
excellent performance and on-demand beam tailoring abilities
can be rapidly established by modern micromachining technolo-
gies [2–7]. On the other hand, in connection to the progress in
achieving versatile high-quality optical materials, the rapid
development of optimized waveguides preserving high-fidelity
optical features of the substrates leads to the emergence of
integrated circuits with a broad spectrum of active applicationscovering amplifiers, frequency converters, lasers and so on [8–
11]. Moreover, with respect to the bulk, some features of the sub-
strate wafer could be enhanced to a certain extent in the waveg-
uides owing to their high compactness, enabling the realization
of highly efficient miniature platforms [12].
Among the aforementioned guiding devices, waveguide split-
ters based on Y-branch structures, featuring with the capability
of reformatting the single input into several output beams, are
important elements in constructing photonic integrated circuits
for a variety of applications including, but not limited to, power
splitters, interferometers, multiplexers, hybrid-integrated
microfluidic devices and laser generation systems [13–17]. Much
effort has been devoted to the development of such waveguide
splitters. Ever since the pioneering reports in the mid 90’s [18],
femtosecond laser inscription (FLI) has emerged as an unprece-
dented micro-structuring technique to fabricate optical waveguide
structures in numerous transparent materials. Due to the extre-
mely high peak intensity that is achieved in ultrashort laser pulses,
FLI offers distinct advantages in many aspects including high pre-
cision, repeatability, variety of materials that can be processed
and, more importantly, the ability for mask-less 3D processing of
complex photonic networks [19–23]. During the procedure of FLI,
one of the most intriguing consequences of the nonlinear energy
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modification of the refractive index (RI) of the material, which
enables the formation of waveguide structures in the substrates.
It has been proved that the femtosecond (fs) laser induced RI alter-
ation in the focal volume could be either positive or negative.
Based on the mechanism of positive RI change, so called Type I
waveguide structures can be written directly in the materials with
single- or multi-scan techniques, providing a convenient way to
implement 3D waveguide splitters. This method has been proved
to be suitable to glass [24] and polymers [25], but restricted to only
a few crystalline substrates such as LiNbO3 [26] and BGO [27]. For
most of crystalline media, negative RI modifications are typically
induced in the laser damage tracks. Thus, double-line waveguide
that exploits RI increase due to stress fields in the vicinity of
low-index tracks can be fabricated (Type II). Waveguide beam
splitters have been successfully fabricated with this approach
[28]. Unfortunately, in spite of its advantages, such as the variety
of materials in which they can be implemented and the simplicity
of the manufacturing, its applicability in photonic circuits is often
blocked by the polarization-selective guiding behavior. Moreover,
for a better overlap of the stress-induced high index regions of
two tracks, the waveguide volume is limited to tens of microme-
ters (typically 10–20 µm), which could neither enable the guidance
of long wavelengths (e.g., mid-IR) nor ensure a high coupling effi-
ciency with the different dimensions of light beams from various
sources (e.g., the commercial fibers). A possible solution to these
limitations is to employ the model of depressed-cladding waveg-
uide structures (Type III). With an architecture that consists of a
quasi-continuous barrier (low-index damage tracks) and an intact
core region, depressed cladding waveguides show excellent fea-
tures such as arbitrary geometry and dimensions, well-preserved
guiding core, strong light confinement, low propagation loss and,
more attractively, two-dimensional (2D) guidance without strong
polarization dependence, making this approach advantageous for
construction of functional photonic devices. Based on the cladding
geometry, superficial splitters with rectangular cross-sections has
been fabricated in Nd:YAG [17] and LiTaO3 crystals [29]. These
structures possess good properties for both passive and active
applications.
Ti:Sapphire crystal is one of the most attractive laser media
with large gain bandwidth. Waveguide splitters built in Ti:Sap-
phire crystals could serve as passive elements in integrated optical
circuits. More attractively, combined with the excellent optical fea-
tures of Ti:Sapphire, the cladding splitters is promising as minia-
ture devices for applications in active regimes as wide spectral
luminescence and broadband tunable laser systems with multiple
signals generating simultaneously.
In this work, we demonstrate, for the first time, cladding Y-
branch waveguides in Ti:Sapphire fabricated by using FLI for beam
splitting. The guiding and splitting performances of these cladding
structures are investigated experimentally and numerically in the
visible and near-infrared for two orthogonal polarizations (TE
and TM).2. Experimental details
2.1. Splitter fabrication by FLI
Fig. 1(a) depicts schematically the system for the fabrication of
waveguide splitters. An amplified Ti:Sapphire laser system (Spit-
fire, Spectra Physics, USA) is used for waveguide fabrication, deliv-
ering 1 kHz, 120 fs pulses with a central wavelength of 795 nm. By
utilizing a set of half-wave plate and a polarizer followed by a cal-
ibrated neutral density filter, the laser beam is adjusted to be lin-early polarized and pulse energy is reduced to 1.2 lJ. An
approximately 0.15 wt.% Ti2O3 doped Ti:Sapphire crystal is applied
as substrate. After being cut into a dimension of 10 mm (a)  2 mm
(b)  10 mm (c) and polished to optical quality, the sample is
mounted onto a motorized 3D translation stage. The inscribing
fs-laser is focused into the sample through its top surface (10
mm (a)  10 mm (c)) using a 20 microscope objective
(N.A. = 0.4). By controlling the 3D stage with a computer, the sam-
ple is translated through the laser focus perpendicularly to the
beam propagation axis. A translation speed of 500 lm/s is selected
which is large enough to avoid the formation of cracks in the sam-
ple and small enough to ensure an appropriate RI modification
within the focal volume. Under these conditions, the damage track
has an axial length of 10 microns (along b-axis) and a lateral diam-
eter of 1.5 microns (along c-axis). Additionally, in order to con-
struct quasi-continuous cladding boundaries, the lateral
separation between adjacent scans is set to 3 lm.
3D schematic diagram of the 1-to-2 rectangular cladding split-
ter is shown in Fig. 1(b), where red tracks represent the fs-laser
induced tracks with negative RI alteration. Fig. 1(c)–(d) illustrate
the front view (corresponding to the input end), top view and back
view (output end) of the splitter. The input facets of the splitters in
this work are designed to be rectangular (with a width two times
the height of the waveguide) and thus two square outputs are
achieved. Such a rectangular splitter is easier to realize than the
circular one by using FLI. During fabrication process, the paths of
the tracks are controlled such that a 3-mm straight bus (i.e. the
input arm) along the a-axis is followed by two divergent identical
splitting sections forming the fan-out arms. The cladding struc-
tures are fabricated in the sample with their lower boundaries
located around 260 lm beneath the sample surface. In this work,
four 1-to-2 beam splitters are fabricated with different sizes, which
are 30 lm  15 lm for the input end of the first splitter (hereafter
referred to Sp1) and 50 lm  25 lm for the others (Sp2-Sp4), cor-
responding to 15 lm  15 lm and 25 lm  25 lm output ends,
respectively. The central separation of the two output ends
depends on the full branching angle h between the two arms,
which is arranged as 0.5 for Sp1 and 0.5, 1, 2 for Sp2-Sp4,
respectively. As a consequence, separations between 75 lm and
269 lm are achieved at the end face.2.2. Splitting performance characterization
After irradiation, the resulting splitters are investigated with a
metalloscope (Axio Imager, Carl Zeiss) operating in transmission
mode to preliminarily assess the fs-laser induced modifications.
For further characterizing the splitting performances of the split-
ters, visible (632.8 nm) and near-infrared (1064 nm) lasers are
focused and coupled into the input arms with a typical end-face
coupling arrangement. Both the modal distributions at transverse
electric and transverse magnetic polarizations are measured. The
1064-nm light propagation of the single-mode splitter is simulated
by the commercial program BeamPROP (Rsoft, Inc) based on the
finite difference beam propagation method. To investigate the
power splitting ratio, which is an essential index for beam splitters,
the output power from each exiting port is measured separately
and then compared. Moreover, we also measured the total output
power of each structure at arbitrary linear polarization in order to
investigate the polarization-dependence of the splitters. The total
attenuations of the waveguide splitters including propagation
losses and splitting losses at 1064 nm are also determined based
on the end-face coupling method. By directly detecting the inci-
dent and output beam powers, the total losses of the splitters
can be expressed as follows:
Fig. 1. (a) Fabrication schematic of cladding splitters in Ti:Sapphire substrate with femtosecond laser. During the laser writing process, the laser-induced tracks are controlled
to be parallel to a–c plane and the tracks that form the straight bus (i.e. the input arm) are along a-axis. 3D schematic diagram of a cladding splitter (b) and its front view (c),
top view (d) as well as back view (e). (c) and (e) are corresponding to the input and output end of the splitter. A, b and c-axis are crystal axes.





in which Pin and Pout correspond to the input and output laser pow-
ers, respectively. g is coupling efficiency between pump beammode
and waveguide mode; Tobj is the transmittance of the microscope
objective lens; R is the Fresnel reflection coefficient at each
waveguide-air interface.2.3. Confocal micro-luminescence measurements
The room-temperature confocal micro-photoluminescence
(l-PL) properties of the fabricated structures in Ti:Sapphire are
investigated using a confocal microscope (Nanofinder FLEX2.
Tokyo Instruments, Inc.). With Sp1 as a representative, the 500
nm excitation laser light generated from frequency doubling of a
Ti:Sapphire laser (Maitai HP, Spectra-Physics) is focused onto the
cross sections of the structure and the Ti3+ fluorescence emission
signals are collected by applying a spectrometer (DU420A-OE,
ANDOR). 2D images and 1D profile of the integrated l-PL spectral
intensity are obtained along with the l-PL spectral distribution in
the unmodified bulk region, the laser-induced tracks and the
waveguide area.3. Results and discussion
Fig. 2 presents the microscopic image of input facet and output
facet of each splitter (Sp1-Sp4) observed with transmitted illumi-
nation light. As can be clearly seen, well-defined rectangular clad-
dings composed of distinct laser induced tracks are established in
the Ti:Sapphire material, acting as the waveguide boundaries.
The dark core regions can be ascribed to the confinement of illumi-
nation light, indicating preliminarily their capability for light field
restriction. This confinement originates from the RI contrast
between the damage tracks (decreased RI) and the core regions
(relatively high RI). The cores of the waveguides are kept intact
and do not show evident cracks or damage, suggesting that guiding
cores are expected to preserve faithful optical properties to the Ti:
Sapphire substrate. As one can see from the top view image, the
straight buses split unambiguously into two identical branches at
the junctions. However, the branching areas are turned to bepitch-dark under optical microscope inspection due to the deceler-
ation and acceleration that experience the 3D stage in order to
change the scanning direction.
Fig. 3 shows the light intensity (normalized) distributions mea-
sured from the output face of the smallest splitter (Sp1). As one can
see, this waveguide exhibits good splitting capability at both
632.8-nm laser (Fig. 3(a) and (b)) and 1064-nm radiation (Fig. 3
(c) and (d)) along two orthogonal polarizations, without strong
light leakage through the waveguide barrier or, in particular, via
the splitting point into the substrate regions. At 632.8-nm wave-
length, the splitter is found to be quasi-single mode at both polar-
izations. One can expect a single-mode guidance at this
wavelength by decreasing the RI contrast through, for example,
further optimizing the writing parameters. In contrast, at 1064
nm, mono-mode beam splitting is achieved under either polariza-
tion, which is an intriguing feature of this device for its application
in photonic circuits. The circular or elliptical beam profiles of Sp1
at 1064 nm can be attribute to the single-mode behavior of the
output arms. By carefully aligning the coupling arrangements,
the output power through two arms of Sp1 at 1064 nm are mea-
sured and the ratio of 1-to-2 beam splitting are determined to be
around 1:0.92 and 1:1 under TE and TM polarizations, respectively,
which in general indicates a equalization of the incident beams.
In order to determine the RI variation in laser-induced tracks,
we reconstruct a three-dimensional spatial RI distribution with
BeamPROP assuming a step-index configuration. By adjusting the
RI value in a step of 0.1  103, the disparity between the simu-
lated and measured profile is gradually narrowed down. Ulti-
mately, the RI contrast of the formed structure is determined to
be 6.0  103, with which the maximum agreement between the
simulation and the experiment is obtained. It is worth to point
out that this value of RI contrast applies to all structures fabricated
in this work owing to the identical irradiation parameters. The
beam profile evolution of 1064-nm light propagating (i.e., mode
profiles at different positions) along Sp1 under TM polarization is
also simulated based on the reconstructed spatial RI distribution.
The simulated results are shown in Fig. 3(e), in which a clear
beam-profile splitting can be observed.
In Fig. 4(a)–(f), the intensity distributions of splitters Sp2-Sp4 at
1064 nm along both TE and TM polarizations are illustrated respec-
tively, which show good performance for beam splitting function
even with the splitting angle as large as 2. However, the behavior
Fig. 2. Visible light transmission images of input facets, output facets and top view of cladding splitters Sp1-Sp4.
Fig. 3. Measured intensity distributions of TE and TM modes of Sp1 at wavelength of 632.8 nm ((a) and (b)) and 1064 nm ((c) and (d)). The yellow squares represent the
waveguide boundaries. (e) Simulated beam profile evolution of 1064 nm light propagating under TM polarization through Sp1. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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attributed to the large size of the waveguide cores compared to
Sp1. It can be found that, as the mode number increase, the modes
would extend fully across the waveguide cross-section.
To further investigate the aforementioned polarization effect on
cladding splitters, the all-angle powers through Sp1-Sp4 are mea-
sured at 1064 nm. As shown in Fig. 5(a), the elliptical fittings of the
resultant data indicate slight polarization sensitivity for all split-
ters. At 90/270, which corresponds to TM polarization, the max-
imum output powers are observed, while the minimum are
obtained at 0/180 which correspond to TE polarization. These
phenomena, in a first-order approximation, can be ascribed to
the anisotropy of Ti:Sapphire crystal accompanied with the asym-
metry RI profiles induced by FLI. Double-line waveguides in Ti:Sap-
phire has been previously reported, in which the guiding and lasing
effects with a certain polarization are found [30]. Therefore, the
splitters produced in this work are superior in term of all-angle
2D guidance. Based on the ratios of output power to the input
power shown in Fig. 5(a), the total attenuations of these cladding
splitters are determined, the results of which are plotted in Fig. 5(b). For single-mode splitter (Sp1), the total losses are approxi-
mately 6.1 dB and 4.8 dB at TE and TM polarization. As the waveg-
uiding volume is expanded, the losses of Sp2 reduce to 4.5 dB and
3.3 dB under TE and TM polarization, respectively. Additionally,
with the enlargement of splitting angle, the splitting losses are
increasing, leading to attenuations of 6.8 dB and 5.7 dB for Sp4
along TE and TM polarization. By adjusting the inscription param-
eters or optimizing waveguide structures (such as through thermal
annealing treatment), the losses are expected to be further
reduced.
Fig. 6(a) and (b) illustrate the 2Dmappings of spatial dependence
of the l-PL intensity emitted from the cross-sections of input and
output facets of Sp1 correlated to Ti3+ ions at 2E? 2T2 transition.
From a first inspection it is clear that, the tracks are accompanied
by a strong quenching in the fluorescence intensity. It has been
found that the reduction in the luminescence intensity is related
to a high density of lattice defects and imperfections occurred in
the laser-induced tracks. These lattice defects and imperfections
are also responsible to the negative RI change in the track [31]. In
contrast, the waveguiding cores are composed of intact crystalline
Fig. 4. (a)–(f) Intensity distribution of TE and TM modes of Sp2-Sp4 at 1064 nm.
Fig. 5. (a) Polarization dependence of cladding splitters Sp1-Sp4. The experiment data (balls) are fit elliptically with solid lines. (b) The total attenuations of Sp1-Sp4
measured with TE and TM polarized incident laser. The lines guide the eye.
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preserved. Additionally, Fig. 6(c) depict the 1D distribution of the
l-PL intensity measured along the dashed line (see insert of Fig. 6
(c)) crossing the input cross-section of Sp1. It is evidenced that the
track centers have obviousfluorescence quenching (up to 20% inten-
sity decrease with respect to the bulk). However, although slightly
influenced by laser-induced tracks, the average fluorescence inten-
sity obtained from the active volume is retained more than 95% of
that generated from the original Ti:Sapphire network. Similar
results can be obtained from Fig. 6(d) which includes the l-PL spec-
tra ranging from 600 nm to 1000 nm collected from the bulk region,
the trackand thewaveguidearea. As canbe seen, the spectra emitted
fromwaveguide area is close to that obtained from the original bulk
in terms of spectral profile and intensity, meanwhile, an obvious
reduction of l-PL intensity in the laser-induced track is occurred.
As a consequence, the guiding areas of the splitters produced in
ourwork retain the good luminescence properties of the Ti:Sapphire
crystal, revealing that the fabricatedwaveguide splitters arepromis-
ing as integrated laser element.Table 1 compares the performances of some 1-to-N splitters
which are based on type I, type II and type III waveguides. These
waveguides are fabricated by using FLI in transparent materials
including glass, polymers and crystals. It can be seen that, the split-
ters produced in our work are of comparable performance. In addi-
tion, unlike the previously demonstrated superficial splitters in Nd:
YAG [17] and LiTaO3 [29] crystals, in which a square input is split
into two rectangular outputs, the output facets of the splitters in
this work are square. This ensures the symmetry of the output
modal profiles, therefore a high coupling efficiency with other opti-
cal devices or circuits can be achieved, making them advantageous
in integrated photonics. Moreover, these built-in splitters are supe-
rior to the previously reported ones [17,29] for building complex
lab-on-chip photonic devices since more superficial networks can
be introduced in the undamaged substrate surface. In combination
with the unique optical properties of Ti:Sapphire crystal, the split-
ters reported in the work are promising for active applications as
miniature photonic devices for the generation of broadly tunable
laser.
Fig. 6. The room temperature confocal l-PL properties of Sp1. 2D mapping of the integrated spectral intensity emitted from the input (a) and output (b) cross-sections. (c) 1D
measurement of the integrated spectral intensity along the dashed line in the insert. (d) l-PL emission spectra in the bulk region, waveguide area and fs-laser induced track,
corresponding to red, green and blue spots in the insert, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
Table 1
Comparison of some 1-to-N splitters based on type I, type II and type III wavegudes fabricated in different materials by using FLI.




Propagating mode Losses (dB)
Borosilicate
glass [24]
1047 nm, 350 fs, 500 kHz, 165nJ, 0.4 N.A., circular




50 µm Single-mode at 1539 nm 2.0 at 1539
nm
PMMA [25] 1031 nm, 420 fs, 1 MHz, 185 nJ, 0.6 N.A., 4 mm/s and
6 mm/s, 200 µm below the surface
Type I
(single-scan)
1  2, 1  4





1031 nm, 5 kHz, 420 fs, 4.9 lJ, 0.6 N.A., 4 mm/s, 150
lm below the surface
Type I
(single-scan)
1  2, 1  4
0.229 At 632.8 nm and 1064 nm: single-mode






800 nm, 120 fs, 1 kHz, 0.14 µJ, 0.4 N.A., 500 µm/s, 50
lm below the surface
Type I
(multi-scan)
1  2, 1  3,
1  4
















795 nm, 120 fs, 1 kHz, 15 lJ, 0.6 N.A., linear











795 nm, 120 fs, 1 kHz, 0.4 lJ, 0.4 N.A., linear









795 nm, 120 fs, 1 kHz, 1.2 lJ, 0.4 N.A., linear








a FLI parameters are listed in order of fs-laser wavelength, pulse duration, repetition rate, pulse energy, focusing N.A., laser polarization (if provided), scan speed, waveguide
location.
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In conclusion, waveguide splitters with different dimensions
and divergence angles are produced inside a Ti:Sapphire crystal
by FLI, based on depressed-cladding structures. Each splitter is
designed to have a rectangular input arm that splits equally into
two square exiting arms, giving symmetric output profiles. These
splitters exhibit strong light confinement and equalization of the
output power for 1-to-2 beam splitting. In particular, single-
mode guidance is obtained from the smallest splitter. Furthermore,
the splitters show a low dependence of the guiding properties with
the polarization of the incident laser beam. The confocal l-PL mea-
surements reveal that the luminescence properties of Ti:Sapphire
network in the waveguide volumes are well preserved. The good
performances of these waveguiding splitters make them promising
candidates in lab-on-a-chip photonic circuits and miniature optical
devices.
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